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Supramammillary regulation of locomotion

and hippocampal activity
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Locomotor speed is a basic input used to calculate

J. Schnitzer™, Karl Deisseroth®°°,

one’s position, but where this signal comes from is

unclear. We identified neurons in the supramammillary nucleus (SuM) of the rodent hypothalamus that

were highly correlated with future locomotor speed

and reliably drove locomotion when activated.

Robust locomotion control was specifically identified in Tacl (substance P)-expressing (SuM™*)
neurons, the activation of which selectively controlled the activity of speed-modulated hippocampal

neurons. By contrast, Tacl-deficient (SuM™") cells
the spike timing of hippocampal neurons and were

weakly regulated locomotion but potently controlled
sufficient to entrain local network oscillations.

These findings emphasize that the SuM not only regulates basic locomotor activity but also selectively
shapes hippocampal neural activity in a manner that may support spatial navigation.

he ability to construct and access a
mental map of one’s environment during
locomotion is an important adaptation
to facilitate survival and is supported
by tracking self-motion (7). Mammalian
locomotion is intimately tied to the occurrence
of 6- to 12-Hz hippocampal theta oscillations,
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Fig. 1. SuM representation of speed and hippocampal theta oscillations.

(A) Recording paradigm; data from unrestrained rats

speed- and theta-related investigations. (B) Example SuM unit (recorded by

tetrodes) that is positively correlated with speed (i.e.,
inset represents these data as a scatter plot. (C) Dist
firing rate Pearson correlation coefficient (r) values. Tl
the percentage of units for positive (r = 0.36 + 0.023
(r = =0.24 + 0.024), and nonsignificant (n.s.) cells (r
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such that the theta rhythm begins before the
onset of self-generated motion and increases
in amplitude with respect to speed (2-6). By
temporally organizing the activity of place-
coding neuronal assemblies into trajectories
across past, present, and future locations, hip-
pocampal theta oscillations are thought to

subserve cognitive operations during spatial
navigation (5-10). Tight coupling of theta
waves to speed could be the result of shared
neural circuitry between self-generated loco-
motion and theta control, providing a potential
speed signal (). Alternatively, speed could be
derived from optic flow, vestibular input, or an
efference copy from locomotor areas (17-14).
Since the identification of speed-encoding
neurons in brain areas that are thought to
use a speed signal to calculate position (such
as the hippocampus and entorhinal cortex)
(8, 15-18), research interest in understanding
potential sources of speed input has grown.
The medial septum is critical for hippocam-
pal theta activity and is functionally coupled
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(D) Distribution of temporal offsets for positive speed cells. SEM = 0.19. (E) Two
example SuM unit spiking activities. The cell represented in orange shows
phase-locked firing with respect to hippocampal theta oscillations, whereas the
cell represented in gray does not. (F) Quantification of theta-related firing for
two example units from (E). The top panel shows spike-field coherence; the
bottom shows theta-rhythmic spiking. (G) Units were clustered into theta cells
according to quantification from (F). ISI, interspike interval. (H) Distribution

of speed scores among clustered theta cells from (G).
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to locomotion (3, 19-2I), but other brain areas
have been proposed to contribute to this os-
cillation. One such area is the supramammil-
lary nucleus (SuM) of the posterior hypothalamus
(22-24), which has recently been shown to
have roles in arousal (25), spike-timing coor-
dination (26), and identification of novelty (27).
As a proposed theta controller, neural activity
in the SuM is likely also related to locomotion,
but this has not been systematically inves-
tigated. In addition to innervating the medial
septum, the SuM has highly divergent outputs
that target the midbrain, where locomotor
commands are integrated, as well as regions
involved in spatial navigation, including the
hippocampus, entorhinal cortex, medial pre-
frontal cortex, nucleus reuniens, and claustrum
(28). Thus, the SuM projects to theta, locomo-
tor, and spatial navigation circuitry, but the
functional relevance of this positioning remains
poorly understood.

Using electrophysiological data from rats
navigating a continuous alternation task for
reward (26), we first investigated how the
spiking activity of SuM neurons relates to
locomotor speed and hippocampal theta oscil-

lations (Fig. 1A). Similar to previous observa-
tions in the midbrain locomotor region (MLR)
(29), we found a large proportion of SuM units
with firing rates that were significantly coupled
to locomotor speed, with the majority display-
ing a positive correlation (Fig. 1, B and C, and
fig. S1, A, C, and D). Notably, SuM “speed cells”
were more closely correlated with future speed
(with an average offset of 1.2 s) than real-time
speed (Fig. 1D and fig. S1, A and D). After
adjusting for temporal offsets, the firing rates
of 99% of SuM units were modulated by speed
(fig. S1B). Most speed cells retained their cor-
relation with immobility data withheld (fig.
S1, E and F) and were more weakly coupled
to acceleration than speed (fig. S2). SuM unit
activity was also correlated to hippocampal
theta amplitude in real time, but this was
less accurately modeled than speed (fig. S3).
Thus, SuM activity and locomotion are strongly
coupled.

We then addressed whether speed-related
neuronal activity is propagated to projection
targets, because not all locally recorded SuM
units are necessarily projection neurons.
In vivo two-photon calcium imaging of SuM

axon terminals that innervate the dentate
gyrus (DG) and the CA2 region of the hippo-
campus was performed on head-fixed mice
(fig. S4A). Indeed, speed-correlated activity
in SuM axons was observed in both regions
(fig. S4, B and C). Extensive collateralization
of SuM axons was also determined (fig. S5)
and may contribute to the similar proportion
of positively and negatively correlated axons
in both regions (fig. S4B).

Next, we examined the coupling between
SuM action potentials and hippocampal theta
waves (Fig. 1E). High coherence with hippo-
campal theta oscillations and theta-rhythmic
spiking was observed for 30.7% of units (Fig. 1,
F and G; see materials and methods). SuM
theta cells typically fired near the trough of
CALl theta waves, with a slight prospective bias
(fig. S6). Much like the overall SuM population,
most SuM theta cells were positively correlated
with locomotor speed (Fig. 1H).

To test the functional involvement of the
SuM in locomotion and theta activity, we
injected the SuM with recombinant adeno-
associated virus (rAAV) to express the opto-
genetic proteins channelrhodopsin-2 (ChR2;
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Fig. 2. Optogenetic SuM modulation controls locomotion and hippocampal
LFP. (A) Pan-neuronal SuM activation with ChR2 (blue) or inhibition with HR
(orange) in head-fixed mice on a floating ball. (B) Bidirectional locomotor effect with
SuM activation (top) and inhibition (bottom). Colored bars denote “laser on”
segments. (C) Percent of trials where locomotion was initiated or halted for ChR2
(top) and HR (bottom). (D) Latency of the start versus stop response. (E) Speed
during locomotor epochs before (Pre) and during (On) light delivery. ChR2, t5 = -1.14,
P =031 HR, ty = 3.07, P = 0.037. (F) Percent of time spent locomoting before
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Frequency (Hz)

(Pre) and during (On) light delivery. ChR2, t5 = -4.84, P = 0.0047; HR, t, = 460, P =
0.010. (G) (Top) Optogenetic activation at 4, 8, or 12 Hz compared with no laser
control. Blue bars denote laser on. (Bottom) Optogenetic inhibition (orange shading)
versus no laser control. The scale bar applies across rows. (H) Quantification of
power spectrum changes normalized to no laser control. (Top) ChR2: 4-Hz power at 4-Hz
stimulation, t5 = 0.86, P = 0.43; 8-Hz power at 8-Hz stimulation, t5 = 5.18, P = 0.0035;
12-Hz power at 12-Hz stimulation, t5 = 3.99, P = 0.010. (Bottom) HR: t, = 0.043,

P =0.97. Data are mean + SEM. ns, not significant. *P < 0.05, **P < 0.01.
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Fig. 3. Cell type dependence of locomotion initiation and LFP entrainment.
(A) Labeling strategy to target mutually exclusive populations according to the
presence or absence of Tacl. MS, medial septum. (B) Investigation of labeling
specificity. (Left) Image showing AAV-labeled Tacl+ (CreON) and Tacl- cells
(CreOFF-FIpON) among other NeuN+ cells in the SuM. (Right) Quantification.

(C) Schematic showing checkmarks of each color (cyan, SUM™: red, SuM™")
if axons were found in SuM target regions (see fig. S9). mPFC, medial
prefrontal cortex; CLA, claustrum; HPC, hippocampus; NR, nucleus reuniens;
EC, entorhinal cortex; PAG, periaqueductal gray. (D) Representative locomotor
activity during optogenetic activation at 8 Hz. YFP, yellow fluorescent protein.

(E) Percent of trials with locomotion initiation. Analysis of variance (ANOVA)

0% 812 158 © 4812

F217=103.6, P < 0.0001, Tukey post hoc test. (F) Locomotor speed before (left dot)
versus during (right dot) light delivery, connected by a line for each mouse. ANOVA was
performed to determine group differences on changes in speed (before versus during
light delivery). F215 =7.2, P = 0.0064, Tukey post hoc test. (G) Percent of time
locomoting before (left dot) versus during (right dot) light delivery. Differences in
response change were assessed by ANOVA. F,;7 = 57.8, P < 0.0001, Tukey post hoc
test. (H) Optogenetic stimulation in head-fixed mice on a floating ball at 4, 8, or 12 Hz.
Spectrogram (left) and power spectral density changes [right; off (light gray) versus
on (black, YFP; cyan, Tacl+; red, Tacl-)] for each condition (columns) at each
frequency (rows). Paired t tests performed in light-off versus light-on conditions. ns,
not significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

excitatory) or halorhodopsin (HR; inhibitory)
under control of a pan-neuronal promoter
(Fig. 2, A and G). Light activation of ChR2
drove locomotion in 100% of trials, with an
average latency of 2.4 + 0.6 s in head-fixed mice
(Fig. 2, B to F). Locomotion lagged behind an
increase in theta amplitude (fig. S7), which is
consistent with prospective encoding of speed
but real-time encoding of theta amplitude
(Fig. 1D versus fig. S3A). The frequency of
laser pulses reliably entrained hippocampal
local field potential (LFP) at 8 and 12 Hz
(Fig. 2, G and H), similar to previous opto-
genetic manipulations in the medial septum
(3, 4, 20, 21). Most CAl neurons (94%) were
entrained by laser pulses; however, the preferred
firing phase shifted considerably from sponta-
neous theta activity (fig. S8). Optogenetic inhibi-
tion with HR halted locomotion on 65.6 + 0.6% of
trials, with a latency of 54 + 0.2 s (Fig. 2, B to F).

Farrell et al., Science 374, 1492-1496 (2021)

Consistent with previous studies (26, 30),
SuM inhibition did not alter hippocampal
theta rhythms during locomotion (Fig. 2, G
and H). Thus, optogenetic manipulation of the
SuM robustly and bidirectionally controls loco-
motion but does not inhibit spontaneous hip-
pocampal theta waves, despite robust spike and
LFP entrainment with ChR2.

Considering the heterogeneity of SuM cell
types (3I), we then determined whether loco-
motion control and spike and LFP entrain-
ment were dependent on cell type. A subset
of SuM neurons express substance P, encoded
by the Tacl gene, and project to the hippocam-
pus and other regions (32). Using the Tacl-Cre
mouse line, we targeted two mutually exclu-
sive populations. TacI-expressing (SuM ")
neurons were labeled with a CreON rAAV,
whereas a smaller population of TaclI-deficient
(SuM ™) projection neurons were labeled

17 December 2021

with an intersectional approach using a CreOFF-
FIpON rAAV (33), facilitated by a retrograde
rAAV carrying Flp in the medial septum (Fig. 3,
A and B). The axon outputs of both cell popu-
lations were similar, innervating the known
and expected SuM target regions (Fig. 3C and
fig. S9). However, SuM ™ and SuM ™"~ cells
had different intrinsic properties (fig. S10). Cell
types were further differentiated by the non-
uniform axon innervation pattern of the DG
granule cell layer (fig. S11C) and increased
vesicular y-aminobutyric acid (GABA) trans-
porter content of SUM™!~ cells (fig. S11, A
and B), consistent with previously identified
GABA and glutamate co-releasing SuM cells
(34). Functionally, SuM™* cell stimulation
robustly drove locomotion in 100% of trials
(Fig. 3, D to G) but did not entrain hippocam-
pal LFP (Fig. 3H). This locomotion was rela-
tively slow and steady with an alternating
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stepping pattern (movie S1), consistent with
exploratory locomotion and distinct from fight
or flight responses seen with stimulation of
other hypothalamic areas (35). By contrast,
activation of SUM™~ cells weakly controlled
locomotion (Fig. 3, D to G) but precisely con-
trolled the frequency of hippocampal LFP at 8
and 12 Hz (Fig. 3H).

Given the robust control of movement ini-
tiation by SUM™™ neuron stimulation, we
further examined the role of this cell type in
locomotion. Using two-photon calcium imag-
ing in head-fixed mice running on a treadmill,
we observed a high proportion of SuM™*
cells for which activity was positively correlated
with speed and that were active before loco-
motion onset (fig. S12). Similar results were
obtained from 7acl+ cells in the ventral hypo-
thalamus of zebrafish during swimming behav-
ior, supporting evolutionary conservation of
function (fig. S13). As with broad SuM inhibition,
selective optogenetic inhibition of SuM™a*
neurons also suppressed locomotion in head-
fixed mice (fig. S14). Finally, we examined
potential SuM ™™ output pathways that reach
the MLR, where the coordination of locomotor
input and gait selection takes place (36). Using
anterograde trans-synaptic tracing to label
postsynaptic neurons (37), we found that mid-
brain periaqueductal gray neurons that specifi-
cally receive SuM™'* input, in turn, project to
the MLR (fig. S15).

Finally, we determined how SuM™* and
SuM ™'~ neurons alter firing rate and control
spike timing of hippocampal neurons. Given
the tight coupling of SuM™* cells to loco-
motion, we hypothesized that spontaneously
speed-correlated hippocampal neurons would
be particularly sensitive to SUM™* activation.
On average, activation of both SuM cell types
increased the firing rate of the hippocampal
units during locomotion (Fig. 4B) and resulted
in similar proportions of units with significant
firing rate alterations (Fig. 4A). The effect of
SuM ™ stimulation, but not SuM™'~ stim-
ulation, was indeed correlated to the magni-
tude of spontaneous speed modulation, such
that the firing rates of positively correlated
speed units increased, and negatively correlated
cells decreased with optogenetic stimulation
(Fig. 4B). We observed the opposite relation-
ship with optogenetic inhibition of SuM™*
cells (fig. S14E). Hippocampal speed cell firing
rates were then modeled from speed and laser
timing as inputs (Fig. 4C). Modeling firing
rates during SUM ™" stimulation produced
considerably less error than modeling during
SuM™~ stimulation when laser timing was
withheld (Fig. 4C), supporting the notion that
the effect of SUM™'* stimulation on locomo-
tion and hippocampal speed cell firing rates
are coupled.

At a subsecond time scale, we also determined
whether hippocampal spike timing was altered

Farrell et al., Science 374, 1492-1496 (2021)
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relative to each laser pulse. Because SuM 2!~
activation overrode spontaneous hippocampal
theta waves and entrained LFP, we hypothe-
sized that spike timing would be more affected
by activation of this cell type. Indeed, SuM 2!~
activation entrained spike timing in more units
with a greater average effect (Fig. 4, D and E).
Moreover, SUM ™"~ activation increased the
firing rate of most units in close proximity to
the termination of each light pulse, whereas
SuM™ activation had mixed responses (Fig.
4F and fig. S16). Unlike SuM™~ stimulation,
the effect of SUM™®!* stimulation depended
on that unit’s speed correlation, such that
positively correlated hippocampal speed cells
were more likely to fire shortly after laser pulse
onset and negatively correlated cells were sup-

pressed (Fig. 4G). A significant correlation
between the magnitude of optogenetic entrain-
ment and the magnitude of spontaneous theta
entrainment was observed for activation of
both cell types; however, the linear fit slope
was twice the value for SUM™¢'~ activation
(Fig. 4H). Lastly, the preferred firing phase
relative to hippocampal theta activity was
more perturbed by SuM™'~ cell activation
(fig. S17).

The finding that SUM™" cells potently
regulate hippocampal spike timing and are
sufficient to entrain LFP is notable, given the
lack of effect of SuM inhibition on spontaneous
hippocampal theta oscillations. However, others
have reported no change in hippocampal the-
ta activity with SuM inhibition and lesions
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Fig. 4. Hippocampal populations are differentially regulated by SuM cell types. (A) Data were obtained
from head-fixed mice on a floating ball. Mean firing rate (FR) changes from two example hippocampal

cells during SuM™™* or SuM™™ optogenetic activation (gray shaded area). Pie charts display the
proportion of units with significantly altered locomotor firing rates. (B) Locomotor firing rate change

for light-on versus light-off conditions (one-sample t test: SUM™Y, tos = 2.56, P = 0.012; SuM'®!",

ts; = 3.28, P = 0.0017; between sample t test: t15, = 1.69, P = 0.09) and as a function of speed correlation
(calculated while laser is off). The y-axis label applies to all panels. BL, baseline. (C) Generalized linear model
of hippocampal speed cell firing rate, with two sets of input [speed only versus speed + optogenetic input
(opto)]. The plot shows the change in modelling accuracy when optogenetic information was withheld

(tgg = 3.28, P = 0.0015). (D) Hippocampal spike raster plots with histograms aligned to laser pulses (gray
bar) during 8-Hz stimulation. Pie charts show the proportion of units with significantly laser-modulated
spike distributions. MVL, mean vector length. (E) Quantification of nonuniform spike distributions from (D).
tigs = 7.39, P = 6.8 x 102 (F) Smoothed spike histograms of significantly laser-modulated cells. Thin

lines represent individual cells; the thick line represents the mean. Pie charts show the directionality of
modulation. (G) Laser pulse-triggered firing rate change plotted against cells’ speed correlations (calculated
while laser is off). (H) Firing rate modulation by spontaneous theta versus optogenetic laser pulses.

m, slope. Lines in (B), (G), and (H) represent linear fits.

4 0of 5

2202 ‘6T Arenuer uo ASIBAIUN PIOJURIS Te BI0'80US 195" MMM//SO1IY W) pepeo jumod



RESEARCH | REPORT

(26, 30), despite substantial effects with SuM
activation (3I). Recent work demonstrated
that a subpopulation of SuM units increase
their activity under novel conditions (27). SuM
cells from this previous study have several
characteristics that overlap with SUM™~ cells,
including the nonuniform axonal innervation
pattern and mixed neurotransmitter phenotype
in the DG (34). In another study, optogenetic
inhibition of the SuM affected theta-range spike
timing in SuM-connected structures, but only
at the decision point of the maze (26). Thus,
SuM ™= cells may be most influential to hip-
pocampal network patterns in particularly
salient situations, with little contribution to
the mechanisms that underlie spontaneous
theta waves. Consistent with this model,
SuM™*~ activation caused a considerable shift
in firing phase preferences from spontaneously
generated theta rhythm, highlighting poten-
tially different underlying mechanisms for
SuM™2¢!"_evoked versus spontaneous theta
oscillations.

These data also advance our understanding
of the SuM’s in role in locomotion and identify
a cell type with functional properties relevant
to spatial navigation. In addition to the tight
coupling of SUM™™* activity to speed, we
found that SUM™™* activation robustly drove
locomotion while selectively regulating the acti-
vity of speed-sensitive hippocampal neurons.
These data raise the possibility that SuM ™!
neurons have a role in distributing a speed signal
throughout the SuM’s many axon-termination
sites and complement recent work outlining
a speed-relaying pathway from the MLR to
the entorhinal cortex via the septum (38).
Given that SuM™™* cells encode future speed,
the SuM may provide its synaptic partners
with intended speed, whereas executed speed
is propagated from the MLR. Thus, the SuM

Farrell et al., Science 374, 1492-1496 (2021)

may support a role in planning and error cor-
rection during locomotion by broadcasting a
future speed signal.
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Supramammillary regulation of locomotion and hippocampal activity
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Locomotion-related signals in the brain

To calculate where we are in space, continuous knowledge of one’ s speed is necessary. How does the brain know
how fast the body is traveling during locomotion? Using in vivo calcium imaging, electrophysiology, optogenetics, cell
tracing, and histology, Farrell et al. identified neurons in the rodent supramammillary nucleus of the hypothalamus that
encode future locomotor speed and potently drive locomotion when stimulated. Because these locomotor neurons
have extensive axons in brain areas that support spatial navigation, this cell type distributes this information selectively
to areas that require knowledge of speed. This nucleus is functionally positioned between input from a higher-order
cognitive center and the downstream midbrain where locomotor nuclei reside. —PRS
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